One such class of compounds 'Calixarenes' was investigated which has historical roots in the 19 th century and it has been suggested as a potential enzyme mimic/3/. The widespread research on molecular recognition of guest by synthetic hosts has stimulated bio(in)organic chemists to design catalysts that mimic the active sites of enzymes. This aspect of supramolecular chemistry involves the synthesis of enzyme models or artificial enzymes that have the same catalytic function but are structurally less complex and more stable than enzymes. Such enzyme models can provide information on mechanistic aspects of enzyme action and may find future application as catalyst in industrial synthesis. Foremost among the compounds investigated for this purpose are cyclodextrins whose torus shape endows them with the ability to form host-guest complexes and in certain cases to act as powerful catalysts/4/. However, these compounds have a disadvantage of being available in only a limited array of sizes. Therefore, calixarenes are of great interest, since they possess an architecture similar to that of the cyclodextrins, but are amenable to greater variation and control. These are particularly attractive components for attempting to construct in vitro systems that mimic in vivo catalytic activity of the enzymes. They are versatile molecular scaffolds for the design of host molecules because the functional groups are directionally preorganized. They can also create a binding site in which functional groups can dynamically adjust to the guest by low energy conformational changes of the calixarene skeleton.
Although many calix [4] arene-based molecular receptors have been reported /5,6/,there have been few developments with regard to calixarene enzyme-models/7-12/.
A synthetic model system possesses the following features shown by enzymes: Fast reaction rate under mild conditions High degree of structural and chiral recognition of their substrates High turnover rate for a number of substrates without being destroyed.
Bioinorganic Chem&tty and Applications
In addition to these features, enzyme mimics should be less complex, molecular weight less than natural enzymes, stable even at high temperatures and soluble in most of the solvents. Biological reactions found in living nature can be mimicked in purely chemical conditions, particularly with small and simple substrates. The discovery of the biomimetic reactions may not lead to very efficient system, but then on their development, lead to more perfect states from the knowledge of their mechanisms and using chemical means as well as principles of biological systems with complex organization.
The following two main approaches may be adopted from several strategies to understand high-complex biological processes, which nature has spent millions of years to evolve in their present forms: I. Functional model-A system (intermolecular in general) that carries out the reaction concerned without the binding characteristics of the enzyme and may perform functional aspects of the natural enzymes. 2. Structural model-A system that shows efficient binding characteristics of the substrate or simplified analogue, or more properly an analogue of the transition state of the biological reaction.
BIOMIMETISM BASED ON FUNCTION
The functional properties of supramolecular systems are highly dependent on two major features: (i) reactivity and (ii) catalysis. Molecular receptors bearing appropriate reactive groups in addition to binding sites may complex a substrate (with given stability, selectivity, and kinetic features), react with it (with given rate, selectivity, and turnover), and release the products, thus regenerating the reagent for a new cycle. (Fig. 4) .
The mononuclear calix[4]arene complex (Fig. 3) is a factor 6 more active than reference complex (Fig. 4) , which lacks the calix[4]arene backbone, indicating that the hydrophobic effect plays a role in the catalytic process. The calix [4] arene can assist in the catalysis via its hydrophobic aromatic surface that can lower the pK, of a nearby metal bound water molecule and can interact with the substrate. Both the binding of the substrate and the conversion of the substrate were found to be far more efficient in dinuclear complex (Fig. 5) compared to mononuclear complex (Fig. 3) (heamoglobin and myoglobin) , one electron oxidation of organic substances (peroxidases), two electron oxidation of organic substances (cytochrome 450, secondary amine monooxygenase and diamine oxidase) and halogination (chloroperoxidase and thyroid peroxidase). Heme mimics have been developed and the structural and physical measurements obtained from simple model systems gave invaluable information about the mechanism of cooperativity in the binding of small molecules to hemoglobin and other heme containing systems such as peroxidases. The structural changes which occur at the heme center upon the binding of dioxygen, carbon monoxide, and aikyl cynanides to hemoglobins can also be understood using porphyrin containing models /37/. Previous studies of heme active site structures show that the primary difference is the length of the iron proximal histidine bond, which can be controlled by the degree of hydrogen bonding to this histidine. Great efforts to mimic these functions with synthetic analogues have been made for more than two decades. The peroxidase models resulted in several catalytic systems capable of a large range of oxidative transformations. Most of these model systems modified the porphyrin ring covalently by directly binding auxiliary elements that control and facilitate reactivity; for example, electron donating or withdrawing substituents. A biomimetic approach can be designed by attempting to keep the porphyrin ring system unaltered, as close as possible to its native form and introducing all modifications at or close to the axial coordination sites. Such a model system is less demanding synthetically and provides an easy way to probe the effect of a single structure modification. A two-component system (a bisimidazolyl ligand and an iron-porphyrin) was reported. Introduction of asymmetry, by attaching different imidazoles as head groups, led to the formation of two axial bonds of different length. Addition of hydrogen bonds to one of the imidazoles in an advanced model increased these differentiation and expanded the porphyrin ring. These biomimetic complexes were found to be almost identical in structure to peroxidase active sites/37/.
In the quest of developing non-porphyrin heme mimic, calixarene derived heme-mimics have been reported. Cram's cavitand (Fig. 12 )/38/showed oxygen affinity. In an effort to make another non-porphyrin heme-mimic Gutsche and Nam investigated the metal complexation behaviour of p-(2-aminoethyl)calix[4]arene (Fig. 13) 
BIOMIMETISM BASED ON STRUCTURE
The task of mimicking the enzymatic reactions in the laboratory is difficult. The main reason was the lack of knowledge of enzymatic mechanisms and the singularity of chemical reactions in the biological systems. Various methods now exist to determine their functioning and it is becoming ever more clear. Because of the high molecular weight of enzymes reaching tens and hundreds of thousands, determination of structure is far from being a simple task. But, by structural mimics, we obtain the coordinates of all the atoms, including those constituting an enzyme active center and its closest surrounding. From this analysis, it can be concluded that the mechanism of enzymatic catalysis is analogous to the mechanism of the usual chemistry. The main difference is the much more complex and perfect organization of the interacting molecules in the enzyme active center, which leads to the qualitative difference in the chemistry of living nature, as compared with ordinary chemistry. A key step that needs to be completed in metalloenzyme mimics is to design a ligand that can reproduce the biocoordination sphere of the metal ion. A number of research groups have designed models aimed at reproducing the biological coordination core of the metal ion.
3.1. Importance of Cu (1) The presence of two imidazole rings rather than two pyridine rings provided enhanced stability of the copper(l) complex towards oxidation. This may be due to electronic factors and may be explained by an increased orbital overlap between the imidazole-nitrogen atom and copper(1) that stabilizes the two coordinate form for the imidazole iigated species compared to the pyridine. Indeed, the copper (1) As copper enzymes are involved in redox processes, therefore it becomes very important to explore the coordination of Cu(ll) to these calixarene-based ligands. So, the structure and host-guest behavior of the first cupric complexes was described.
After the addition of the individual nitrile to a dichloromethane solution of complex, it was observed that there is the distortion of the tetrahedral geometry toward trigonal bipyramidal due to an interaction between MeCN and the metal center. The addition of propionitrile or allylnitrile also induced significant changes to EPR and visible spectra, whereas more bulky benzylnitrile was ineffective. This suggests that the complex possesses an .exchangable coordination site that selectively interacts with small molecules. It was concluded that a second aquo ligand that is buried inside the hydrophobic cavity and can be selectively exchanged for lipophilic molecules. The calixarene hydrophobic pocket protects the metal center against dimerization and simultaneously acts as a molecular funnel for organic molecules/50/. Zinc is a constituent of more than 300 enzymes. The active sites of zinc enzymes feature a zinc center attached to the protein backbone by three or four amino acid residues, the nature of which influences the specific function of the enzyme. Different zinc enzymes utilize different amino acid residues at the active site and hence the chemistry of zinc is modulated by its coordination environment. Zinc(If) ion is a biologically essential element. Recognition of its importance has been increasing as more enzymes containing zinc(ll) in their active site have been discovered /51/. Bioinorganic chemistry of zinc enzymes that features tripodal ligands has been described/52/. These enzymes are mainly involved in hydrolytic processes but also catalyze the reversible oxidation of alcohols. Hence, the enzyme active center interacts with molecules with various functionalization such as amides, carboxylic acids, amines, alcohols, aldehydes, etc. Carbonic anhydride, matrix metalloproteases, bacillus cereus 13-1actamase I! and 6 pyruvoyl tetra hydropterin synthase all possess a common feature in their active site: a mononuclear zinc center coordinated by three histidines and a water molecule. Several research groups have structurally modelled the coordination environment of the zinc center using a variety of lignads/53/, such as macrocyclic triamines, tris(imidazolyl) phosphines or the anionic tris(pyrazolyl) borates/54/. All these models focused on Zn-hydroxide complexes.
Calixarene based Zn tt complexes as structural models
Reinaud and coworkers /55/ extended their work to a supramolecular system (Fig. 18) Tridentate N ligands containing tertiary amines, pyrazoles or benzimidazole groups were synthesized from t-Bu-calix [6] arene. The comparative ability of the whole series to stabilize a tetrahedral zinc dication was studied in a biomimetic neutral environment. The study showed that benzimidazole and pyrazole are also appropriate N donors for the stabilization of such complexes along with imidazole-based ligands. The calixarene structure is constrained in a flattened cone conformation thereby providing a hydrophobic cavity, which envelopes the exogeneous ligand, MeCN. It was found that the calixarene presenting three pyridine groups did not give rise to a well defined complex under stoichiometric conditions. Hence, pyridine appeared to be a N donor not good enough for the stabilization of tetrahedral dicationic zinc complexes. This is in contrast to its good capacity at stabilizing Cu , and may be due to its softness/57/. Reported data reveal that the complexation of the t-amino acids occurred by insertion of the aromatic or aliphatic apolar group(R) into the calixarene cavity. L-Alanine is not complexed by any hosts, owing to the small size of the R methyl group; the inclusion of the L-Ala would also involve the encapsulation of the amino acid charged species, inside the hydrophobic cavity. No inclusion is observed for L-Tyr either, very likely owing to the polarity of the R group.
Calixarene (Fig. 20, c) which lacks the sulphonate groups at the upper rim, does not complex any of the investigated amino acids, which proves the significance of charge assistance in the apolar binding of the guests inside the cavity of calixarene/64,65/. The most efficient receptors for the amino acid studied are compounds a and b (Fig. 20) . Capabilities of the hosts a-e decrease from a to e, because of the C2v elongation of the cavity. Host a has a more spherical cavity, whereas in host e, substituents at the lower rim are diverging which results in the elongation of the cavity and hence less accessibility for the amino acids. In all the cases inclusion occurs via an aliphatic or aromatic apolar residue due to CH-interactions (L-Vai and L-Leu) or to -interactions (L-Phe, L-His, L-Trp)/63/. These studies were extended to several small neutral organic molecules, i.e. methanol, ethanol, n-propanol, acetone, butanone and acetonitrile as guests using compounds a-e. The complexation of methanol by the hosts is disfavoured because inclusion of the small methyl group inside the hydrophobic.cavity would lead to a partial inclusion of the polar OH group, which would cause the polar hydroxyl group to be less exposed to the polar solvent. Host-e could not include any of the guests due to the peculiar conformation of the host, which reduces the available space for complexation. Host-b was found to be more efficient for ethanol and n-propanol, whereas conformationally mobile compound-a showed a better binding for acetone and 2-butanone. These data showed that the Recognition of carboxylate anions by natural and synthetic hosts is a topic of current interest in bioorganic and supramolecular chemistry, because these species are involved in several molecular recognition phenomena of biological interest. The enantioselective recognition of chiral carboxylate is also an important goal because several pharmaceutical compounds possess this functional group. Very few examples are known where natural amino acids are used as binding units in biomimetic receptors for carboxylate recognition. The intrinsic lower H-bonding donor ability of peptide NH groups could be strengthened by the cooperative action of other weak non-covalent interactions (n/ n, CH/ n, etc.) and resulting host-guest binding could be enhanced. Several cone calix[4]arenes functionalized with L-alanine units at the upper rim were synthesized/61a/. One of these derivatives (Fig. 21) Complexation properties of the host (Fig. 22) towards quaternary ammonium salts, amino acids and their methyl ester hydrochlorides were evaluated /61b/ in D20 at pD=7.3 (phosphate buffer). The values for binding constants clearly indicated that the rigid cone peptidocalixarene (Fig. 22) was much more efficient than the mobile cone analogue (Fig. 21) , in the complexation of all guests, which suggests the importance of the rigidity in ihe recognition process. Data also showed that amino acids are better complexed as methyl esters, rather than as zwitter ions, because better complementarity is achieved with the tetra anionic host ( Macrobicyclic peptidocalixarene (Fig. 25 ) was reported as a receptor for the D-alanyl-D-alanine terminal part of peptidoglycans. One interesting outcome of the study was that the in vitro behavior of peptido calixarene was similar to that of the vancomycin group antibiotics and its selective antimicrobial activity toward gram positive bacteria was only slightly inferior to that of vancomycin/70/. Further, the binding affinity of vancomycin mimic with several guests were studied and correlated with observed biological activity, it was found that the host molecule being a vancomycin analogue, has a significant affinity to the ala-ala moiety, which is believed to be the action site of the vancomycin antibiotics/7 I/. (Fig. 27 ), in particular toward anionic guest species. It was found that these new ligands form strong complexes in acetone-d6 with carboxylate anions and are selective receptors for benzoate anion, which is able to interact with the hosts through the H-bonding and 7t-rt stacking. It was concluded that the residual conformational mobility of cone calix [4] Receptors shown in Fig. 29 (Fig. 29, a ) the molecular cavity of upper rim substituted calixarene (Fig. 29,e) can participate in complexation and recognize the aromatic side chains of amino acids. As a result, selective transportation of some amino acids through membrane is enhanced. For example, carrier (Fig. 29, e ) transports phenylalanine 40 times faster than tryptophan. This proves that 1) The molecular cavity ofcalixarene is involved in complexation 2) The three points interaction of amino acid (due to carboxylate, ammonium groups and side chain) with the carrier leads to the enhancing of transport efficiency and selectivity. Moreover, L-phenylalanine apparently extracted more than L-tryptophan because the indole ring was too large to fit the cavity formed by the pendant groups of the receptors. The order of this extraction efficiency was also explained by the hydrophobicity of amino acids Phe>Trp>Ala>Gly. The selectivity order of transport for each amino acid is nearly equal to that of the extraction. L-Amino acids, which strongly interact with receptors, can be enantioselectively transported more than D-ones. Receptor which had phenylglycine group possessing the phenyl group directly to the chiral center showed the highest transport efficiency and enantioselectivity among all receptors in order to clearly recognize the structure of guest molecule. During the last decade, the synthesis of azamacrocyclic compounds has received considerable attention because of their relationship to biomimetic and catalytic systems and the applications of this type of chelating agents to biology and medicine. Complexes of macrocyclic or polydentate ligands with pendant arms were reviewed and represented as models for biological molecules. A critical survey of molecular recognition of DNA, RNA and related biomolecules by complexes with aza-macrocyclic ligands has also been done/78/. The chirai calix(aza)crowns comprising a calixarene and a chiral polyamine derived from an amino acid were synthesized and their chiral recognition abilities and applications of host (Fig. 31, a) Although the dimerization phenomenon was not observed in polar solvent, the addition of only a few percent of polar solvent would result in complete disassembly to monomers/81,106/. It was desirable to prepare systems that might associate in polar solvent, especially for the development of compounds that would be compatible with a biological environment and have applications in drug transport and delivery, biocatalysis, and the binding and detection of biomolecules. So, the first calix[4]arene derivative was reported by Brewster et al. /107/that undergoes hydrogen-bond-mediatedself-association in polar, protic solvent. The association constant K,, for this dimerization was found to be 29000 Min 24:1 MeOH:H20, which was higher than the Ka value that was reported for a peptidylureidocalixarene in apolar solvent. This tetrapeptidocalix[4]arene contained amino acids attached to the upper rim through the carboxyl termini. The dimerization and recognition properties of these new class of peptidocalixarenes were studied by NMR and mass spectroscopy. It was found that the addition of arginine and lysine to the calixarene solution results in the formation of 1:1 inclusion complexes of the amino acid with the calixarene and dissociation of the calixarene dimer, rather than the encapsulation of the amino acid within the dimer. The addition of the guest molecule resulting in the disassembly of calixarene dimers was not reported previously. This study may lead to the use of calixarenes for molecular recognition in biologically relevant environments.
Nomura et al. /109/ synthesized calixarenes carrying amino acids at the lower rim. They studied the effect on the binding ability of intramolecular hydrogen bonding in the hydrophilic pseudocavities of these calixarenes towards metal ions such as Na and Ag+. A high degree of functionality and conformational flexibility of calixarenes makes the isolation and characterization of products a difficult task. However, the conformational freedom affords the possibility of formation of enzyme models for mono copper sites complexes. It was shown that the rigidified preorganized cavity structure of calix [6] 1,3,5-trimethoxy-p-tert-butyl calix[6] arene by amino acid ester residues. They also studied their conformational behaviour and concluded that the conformations are greatly influenced by the amino acid ester residues/111/.
CONCLUDING REMARKS
Calixarenes are versatile molecules and can behave as potential enzyme mimics. In the first part of this article, functional enzyme models that mimic di-and tri-nuclear metallo phosphodiesterases have been reviewed. However, these functional models were not proved to be efficient compared to natural enzymes but they focus more light on to possible catalysis mechanism employed by these natural analogues. These types of studies have provided a base or platform for the future design of a cleaving agent for RNA or other related type of molecules. Mimics for enzymes such as transferase, ATPase, aldolase or heme mimics were also presented and the extent of their potency as functional models was discussed.
In the subsequent part, a few chemical systems containing Cu(1), Cu(ll) or Zn(II) ions were presented as models for metal active sites in enzymes. These synthetic models with a suitable design are able to provide new insights into the structures, spectroscopic properties and activities of metalloprotein active site.
The last part of the review contains the discussion of molecular recognition of biorelevant species such as amino acids and their transport studies using various calixarene derivatives, especially those with amino acid linkages at either rim. The role and importance of hydrogen bonding to stabilize biomolecules can also be understood by amino acid subst!tuted calixarenes. 
